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The purpose of this study was to. provide compressibility 
factor data on the ethane - carbon dioxiJde - nitrogen system. 
Compressibility factors were experimentally determined for 5 mixtures 
at room temperature 1 l00°F 1 l25°F , l50°F and pressures rangin9 
between 1000 psig to 4000 psig. 
An attempt was also made to compare the experimental data with 
the compressibility factors obtained by the additive volume method. 
The deviation of the computed compressibility factor from the exper-
imental data was found to be in accordance with the general view of 
previous workers. However 1 the deviation was found to be a maximum 
in the pressure range 1500 psig to 1000 psig. 
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r· • INTRODUCTION 
While considerable theoretical and experimental work is avail-
able on the compressibility factors of the pure hydrocarbon gases 
and hydrocarbon mixtures, less is known about the added effect of 
nitrogen and carbon dioxide occuring with the natural hydrocarbon 
mixtures. 
1 Eilerts et. al. , have investigated the effect of added 
nitrogen in a hydrocarbon mixture and proposed a procedure for 
calculating the effect of nitrogen on the compressibility factor. 
The work of Eilerts et. al. 1 , was followed by Sage and Lacey2 who, 
have presented data on binary systems e.g., ethane- nitrogen and 
ethane - carbon dioxide systems. However, no experimental work is 
available for a hydrocarbon system containing nitrogen and 
carbon dioxide together in varying proportions. The object of this 
experimental investigation was to provide compressibility factor 
data on ethane- carbon dioxide- nitrogen system and compare the 
experimental results with the additive volume compressibility 
1 factors suggested by Eilerts et. al. , and adopted for nitrogen and 
carbon dioxide occuring together with hydrocarbon mixtures, by 
Amyx, Bass and Whiting3• 
1References given at the end of thesis. 
II • LITERATURE REVIEW 
Various methods have been developed for computing the compre-
ssibility factor of lean natural hydrocarbon gases from the 
knowledge of its chemical composition or density. Of all these 
methods , Kay's 4 method is worth mentioning. Kay 4 suggested that. for 
miKtures of lower hydrocarbons, the pseudocritical temperature, pTe 
and pseudocritical pressure, pPc, of the mixture may be obtained 
with sufficient accuracy applying Amagat's law of partial volumes 
for mixtures to the critical properties of individual constituents 
of the mixture. The pseudocritical temperature and pressure is 
defined as follows : 
n 
2 
pTe = f:tYi Tci (l) 
n 
pPc = =f=lYi Pci (2) 
where Yi is the mole fraction of the ith component and Tci and Pci 
are critical temperature and pressure of the ith component in the 
mixture. 
4 Kay also introduced the concept of pseudoreduced pressure 
and temperature based on the theorem of corresponding states. The 
pseudoreduced pressure, pPr, and pseudoreduced temperature,pTr, are 
defined as : 
pPr = 
p ( 3) 
pPc 
pTr = T ( 4) 
pTe 
3 
where P and T are the absolute pressure and temperature of the system. 
For a large number of natural gas samples, experimentally determined 
compressibility factors were correlated with pseudo-reduced temperat-
ure and pressure. The results of these correlations are presented 
in a number of charts and provide a very convenient method of 
computing compressibility factors when calculated pPr and pTr are 
known. 
The methods devised for computing the compressibility factor 
of a lean natural gas from its composition provide a dependable 
solution for low nitrogen and carbon dioxide.concentrations. But 
when nitrogen or carbon dioxide or both are associated with hydro-
carbon gases in considerable quantity, these methods do not yield 
satisfactory results. This is true because, nitrogen and carbon-
dioxide are chemically unlike hydrocarbOn gases, hence, will have a 
different compressibility character. As a result, if these gases 
are present in considerable quantity in natural gas, computing 
methods that give due consideration to their nature should be used. 
1 
Eilerts et. al. who studied the effect of added nitrogen on 
the compressibility of natural gases concluded that the compressi-
bility factor of natural hydrocarbon - nitrogen mixture determined 
by assuming that law of corresponding states holds good, has an 
error of less than 1% for a mixture having 10 mole %nitrogen 
concentration or less. The error in compressibility factor was 
expected to be greater than 3% for a natural gas having 20 mole % 
nitrogen or more. 
Old, Sage and Lacey5 stated that for a mixture containing 
4 mole % carbon dioxide concentration, a 5% error in compressibi-
4 
lity factor computation may be obtained using theorem of corrospon-
6 ding states. However, as per Standing up to 2 mole % carbon dioxide 
in a gas mixture allows the theorem of corresponding states to be used. 
Eilerts et. al. 1 suggested a procedure for computing the compre-
ssibility factor of mixtures containing high concentration of nitrogen. 
They defined an additive compressibility factor Za as follows 
Za = Zn Yn + ( 1 - Yn ) Zg ( 5) 
where Zn is the compressibility factor of nitrogen, Zg is the compres-
sibility factor of the hydrocarbon fraction in mixture and Yn is the 
mole fraction of nitrogen. The true compressibility factor Z of the 
mixture is then defined by 
Z = C Za (6) 
where C is the additive volume correction factor which depends 
upon the temperature, the pressure and nitrogen concentration in 
the system. The value of C is obtained from published data over 
various temperature and pressure ranges. 
7 , 8 t t t' d Sage and Lacey have also sugges ed a compu a 1on proce -
ure to correct the volume calculation for impurities such as 
carbon dioxide based on the partial residual volume. As suggested 
3 1 
by Amyx, Bass and Whiting , analogous to the work of Eilerts et. al. 
the compressibility factor of carbon dioxide can be utilized to 
calculate, by method of additive volumes, the compressibility factor 
of a mixture containing carbon dioxide. The additive volume compre-
ssibility factor Za is given bY : 
where Yco2 is the mole fraction of carbon dioxide in the mixture 
Zg is the compressibility factor of the hydrocarbon fraction. 
5 
(7) 
Amyx, Bass and Whiting3 have concluded that when both carbon -
dioxide and nitrogen are present, for a low concentration of carbon-
dioxide and moderate concentration of nitrogen, the correction of 
the additive compressibility factor can be made as if carbon dioxide 
were a part of the hydrocarbon system; thus C corrects nitrogen 
only and additive compressibility factor Za is defined by : 
Za = Zco 2 ( Yco2 .) + Zn ( Yn ) + ( 1- Yco2- Yn ) Zg (8) 
and the corrected compressibility factor, Z , of the mi:letur~ will be: 
" Z = C Za 
where C is the additive volume correction factor for nitrogen. 
A similar procedure to the one suggested by Amyx, Bass and 
Whiting3 for a mixture containing nitrogen and carbon dioxide 
was used to correlate the experimental results. 
( 9) 
III • DISCUSSION 
A • EXPERIMENTAL EQUIPMENT AND PROCEDURE 
The equipment used in the experiment consists primarily of a 
high pressure cell, a mercury pump with gauge, a constant tempera-
ture oil bath and associated miscellanious equipment. 
The entire experimental procedure was set in the following 
sequence. Preparing the equipment for study, calibration of pump 
and cell, preparing gas mixtures and determining P.V.T. relation-
ships for various temperature and pressure ranges. 
1 • Preparing equipment for study. 
The pump, cells and connecting lines were thoroughly cleaned· 
They were separately connected with the vacum pump and completely 
evacuated. This preliminary step was observed throughout each 
experimental run. The cell was pressurized to 4000 psig and checked 
for leaks. 
2 • Calibration of pump and cell. 
The mercury pump was calibrated by withdrawing known volumes 
of mercury from the pump and calculating its volume with the use of 
a chemical balance and published mercury density data. 
6 
The high pressure cells were calibrated at temperatures of soop, 
100°F, 125°F, 150°F and over the pressure range of 1000 psig to 
4000 psig, in 500 psig increments. A linear relation was obtained by 
plotting the cell volume as a function of pressure at constant 
temperature. This relationship is shown in Figure 1. 
7 
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3 • Preparation of gas·mixtures. 
The pure grade 99 mole 1o ( minimum ) , ethane used in preparing 
the mixtures, was obtained from Phillips Petroleum Company. Nitrogen 
and carbon dioxide were obtained from Acetelene Gas Company. 
9 
Using the ideal gas law relation an approximate value of 
pressure required to load the desired mole fraction of each component 
of the mixture was calculated. Nitrogen was first loaded at the desir-
ed pressure in Cell 1. The volume of nitrogen was then measured at 
2000 psig. By knowing the pressure, volume , temperature and published 
compressibility factor values of nitrogen, the number of moles of 
nitrogen could be calculated. 
Carbon dioxide was loaded in Cell 2 the number of moles was 
si~ilarly determined and it was transferred to Cell 1. Finally, 
ethane was loaded in the thoroughly cleaned and evacuated Cell 2. 
After establishing the mole content ethane was transferred in Cell 1. 
The procedure such as one employed in this study will not give 
the exat desired mixture but it was found to work very well for 
approximating the desired mixture. An example calculation for a 
mixture preparation is given in Appendix B. 
4 • P. V. T. measurements of the mixture.' 
Following the preparation of desired gas mixture the Cell was 
placed in constant temperature bath at room temperature. The Cell 
pressure was raised to 4000 psig. After allowing sufficient time 
to establish equilibrium, the initial reading on the pump was recorded. 
The subsequent pump readings were taken at 3500, 3000, 2500, 2000,1500 
10 
and 1000 psig Cell pressures. 
Having completed one set of P .V. T. readings the temperature 
of the bath was raised to 100°F, 125°F and 150°F and pressure- volume 
readings were taken at stablized temperature and pressure conditions. 
B • ERROR ANALYSIS 
In order to compare the experimental results with the published 
data, P • V • T • studies were carried out on a sample of nitrogen 
at 100°F and pressures ranging between 4000 psig and 1000 psig. 
A comparison between the experimental values of compressibility factors 
10 
and the ones obtained from the work of Sage and Lacey showed a 
difference of 3%. A small deviation of the experimental results with the 
published data provided encouragement to work on mixtures. However, the 
following sources of error in the experiment might throw some light 
on the quality of results achieved. 
At times the room temperature varied any where from l°F to l0°F 
in an hour duration. Therefore, some precaution was used to stablize 
the room temperature so as to limit the variation to a maximum of two 
degrees Farenheit. However, an error of l°F in temperature would 
cause a maximum change in compressibility factor of 0.183%. 
The pump could be read accurately up to 0.01 cc and the readings 
at third decimal place were approximated. The reading of the third 
decimal place introduces a negligible error affecting a change in 
calculated compressibility factor. 
The calculational error ( the round off error and truncation err-
or ) was kept to a minimum by using an electronic programmable 
Wang calculator; 
IV. RESULTS 
Four gas samples, with varying proportions of ethane, carbon-
dioxide and nitrogen were prepared and studied to determine compressi-
bility factor. After initial studies were performed, a mixture was 
prepared to simulate a possible natural gas sample composed of methane, 
ethane, carbon dioxide and nitrogen, designated as Mixture 5. 
11 
P. V. T. relations of the samples were studied at room temperature 
100°F, 125°F and 150°F and over the pressure range 1000 psig to 4000 
psig. Results of the investigation are presented in Tables 2 through 
Table 5. Figures 2 through 6 graphically represent pressure-compress-
ibility factor relations at 4 isotherms. Three aditional data points 
were obtained on Mixture 4 to investigate the trend of isotherms in the 
region 1000 psig to 2000 psig. 
In order to compare the experimentally dete~ned compressibility 
factor of the mixtures, the compressibility factor for the same mixtures 
were computed using Eilerts' method and is presented in TableL6. The 
results on mixture preparation at room temperature and 2000 psig· 
indicated that when definite volumes of carbon dioxide, nitrogen 
and ethane measured at the same condition of temperature and pressure 
were combined, the volume of the mixture of the three gases measured 
at the same condition of temperature and pressure, was found to be 
smaller than the sum of the volumes of individual gases. This is due 
to the fact that since the critical temperature of carbon dioxide and 
ethane are at 88°F and at 90°F, a portion of ethane - carbon dioxide -
nitrogen system goes into liquid phase at room temperature and 2000 psig. 
A comparative study of the experimentally determined and computed 
compressibility factors at 125°F and pressure between 1000 psig to 
12 
4000 psig is available in Figures 7 through Figure 10. From these 
figures it can be seen that deviation from the ~xperimental values 
increases gradually from an average of 2.14% for Mixture 4 to 7.25% for 
Mixture 3. See table 7. The maximum deviation, in the region 1000 psig 
to 1500 psig, for Mixture 4 and Mixture 3 were 7.95% and 16.16%, 
respectively. 
The order of deviation for Mixture 5, which, contained methane 
was different than ethane - carbon dioxide - nitrogen system. The devia-
tion was a minimum at 2000 psig. See Figure 10. 
It is also interesting to note that the percentage deviation 
' decreased, for all the samples, at comparatively higher temperature 
where, the samples were above their critical temperatures. This feature 
2 
can also be visualised from the published work of Sage and Lacey on 
ethane - carbon dioxide system, ( Figure 11 ), which, indicates that 
with increasing temperature the deviation from an ideal solution reduces 
to a minimum. 
The revised compressibility factor data on single components 
11 
ethane and methane was obtained from A. P. I. Research Project 44 
Compressibility factors of nitrogen and carbon dioxide were available 
10 from Sage and Lacey's work. The computed compressibility factors 
could be calculated only for temperatures 125°F and 150°F from the 
11 
available chart on the compressibility factor of natural gases 
The additive volume correction factor C for the mixtures under investi-
gation was selected from the closest available data. Since, Mixture 2 
contains 19.197 mole %carbon dioxide its compressibility factor was 
not computed using Eilerts method. 
TABLE 2 
COMPOSITION OF THE MIXTURES 
Go~onents Mixture 1 Mixture 2 Mixture 3 
(mole frac. ) (mole frac. ) (mole frac.) 
Methane o.ooooo 0.00000 0.00000 
Ethane 0.80435 0.69554 0.79974 
Nitrogen 0.13009 0.11249 0.11174 
















EXPERIMENTAL COMPRESSIBILITY FACTOR 
Mixture 1 Mixture 2 
:P;ressure 78°F 100°F 125°F 150°F 81°F 100°F 125°F 150"'F 
(psia) 
4014.7 0.82550 0.83003 0.83564 0.84218 0.77667 0.78118 0.78339 0.78822 
3514.7 0.73692 0.74478 0.75321 0.76193 0.69363 0.69969 0.70602 0.71406 
3014.7 0.64707 0.65962 0.67044 0.68385 0.61001 0.61954 0.62728 0.64117 
2514.7 0.55580 0.56764 0.58952 0.60912 0.52562 0.53854 0.55331 0.57266 
2014.7 0.46509 0.48828 0.51423 0.54621 0.44095 0.45995 0.48228 0.51679 
1514.7 0.37509 0.41508 0.46361 0.51962 0.35840 0.39182 o. 43572 0.49331 




EXPERIMENTAL COMPRESSIBILITY FAC'IDR 
Mixture 3 
.,.. 
Pressure 85°F 100°F 125°F 150°F 84°F 
(psia) 
4014.7 0.82697 0.83145 0.83323 0.83668 0.77624 
3514.7 0.73729 o. 74714 0.75076 0,76094 0.69372 
3014.7 0.65022 0.66159 0.66995 0.68620 0.60972 
2514.7 0.56138 0.57736 0.59265 0.61396 0.52458 
2014.7 0.47190 0.49390 0.51980 0.55501 o. 43971 
1514.7 0.38644 0.42082 0.47300 0.53067 0.35328 





















bXPERIMENTAL COMPRESSIBILITY FACTOR 
Mixture 5 
Pressure 76°F . lOOop 125°F 150°F 
(psia) 
4014~7 0.95889 0.97215 0.98540 0.99958 
3514.7 0.90237 0.91835 0.93671 0.95455 
3{)14.7 0.85031 0.87434 0.89437 0.91295 
2514.7 0.80686 0.83370 0.85686 0.87741 
2014.7 0.77762 0.80701 0.82848 0.84963 
1514.7 0.75822 0.78925 0.80320 0.82305 
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Figure 2 EXPERIMENTAL COMPRESSIBILITY FOR MIXTURE 1 
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Figure 6 EXPERIMENTAL COMPRESSIBILITY FOR MIXTURE 5 
TABLE 6 
COMPUTED COMPRESSIBILITY FACTOR 
Mixture 1 Mixture 3 Mixture 4 Mixture 5 
.Pressure 125°F 150°F 125°F 150° F 125°F 150°F 125° F 150°F 
· (psia) 
4014.7 0.79319 0.79452 0.77943 0.78189 0.76960 o. 77117 0.90211 0.92113 
3514.7 0.71513 0.72514 0.70157 o. 71214 0.68776 0.69867 0. 87133 0.89140 
3014.7 0.63848 0.65566 0.62457 0.64259 0.60709 0.62585 0.84433 0.86922 
2514.7 0.56025 0.58590 0.54681 0.57297 0.52504 0.55243 0.83143 0.85867 
2014.7 0.48758 0.51906 0.47422 0.50752 0.44857 0.48175 0.83708 0,86634 
1514.7 0.42139 0.48813 o. 40940 0.47953 0.37855 0.44853 0.85656 0.88544 




DEVIATION IN EXPERIMENTAL AND COMPUTED 
COMPRESSIBILITY FACTORS 
Mixture Carbon Dioxide Nitrogen Average Dev. 
( mole 1o ) ( mole 1o ) (2000-4000psig) 
1o 
1 6.556 13.009 5.00 
3 8.852 11.175 7.25 
4 5.782 7.299 2.14 
5 4.222 5.569 5.00 
1. 04 (min. ) 
Maximum Dev. 
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figure 8· EXPERIMENTAL AND COMPUTED 
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V. CONCLUSION AND RECOMMENDATIONS 
The results of experimentally determined compressibility factors· 
·for ethane - carbon dioxide - nitrogen system and computed compressib-
ility factors for the same system, using Eilerts' method, indicated 
gradual increase in deviation from experimental value wi~h increasing 
percentage of carbon dioxide and nitrogen in the mixture. This is in 
accordance with the general view of Olds et al. 5 and Eilerts and 
co-workers1 • 
29 
The deviation was found to reach maximum in the pressure range 1500 
psig to 1000 psig, where the carbon dioxide and ethane have their critical 
region, at the temperatures under study. 
Due to limitation of equipment it was not possible to carry out 
the present investigation in furthur detail, namely, in the pressure 
ranges from 0 psig to 2000 psig. It is, therefore, recommended that 
the critical region for ethane - carbon dioxide- nitrogen system should 
be investigated in detail. Also, it would be interesting to study 
P. V. T. relations in the pressure region 0 psig to 1000 psig which 





SAMPLE CALCULATION OF CELL CALIBRATION 
At any pressure, P , and cell temperature, T , the change in cell 
1"~ 
volume was calculated by the following relation1 
Change in Cell volume, G, = Expansion of original mercury, F , 
minus volume in Cell, E. 
E and F are furthur defined as: 
E = v ( 1 + 4000 Bt 
1 - ~ p ) - 1] 
where v = volume in pump 
v = 1 cell volume at 4000 
psig and room temperature. 
B = t compressibility of 
mercury at room temperature. 
B = T compressibility of mercury at elevated
 cell temperature. 
V= t relative volume of mercury at room tem
perature. 
Vry= relative volume of mercury at elevated cell temperature. 
Calculation of cell volume at 3500 psig and 150°F 
Room temperature = 79°F 
Cell volume at 4000 psig and 77°F = 651.3108 cc 
Pump reading at 4000 psig and 77°F = 21.760 
Pump reading at 3500 psig and 150°F = 17.758 
Pump constant = 1. 0037802 
Volume in P'Ult\P• v • = 4.002 X 1.0037802 




Appendix A (contin~ed) 
vt ( from Table 1 ) = 1. 001917 
VT (from Table 1 ) = 1. 009097 
Bt from Table 1 2.777 -7 vol/vol.psi = X 10 
BT from Table 1 = 3.000 X 10 
-7 
vol/vol,psi 
Change in cell volume , G , = 
651. 3108[( 
-7 1. 009097 -7 
-ij 1 +4000x2.777xl0 -------- 1 - 3500x3xl0 1.001917 
4.0171 ( 1 + 4000x2.777xl0 -7 ).!~.Q.Q~Q~Z- 1 - 3500x3xl0 -7 
1.001917 
= 0.66042 cc 
Volume of cell at 3500 psig and 150°F = 651.3108 + 0.66048 
= 651.971 cc 
33 
APPENDIX .B 
SAMPLE CALCULATION OF MIXTURE PREPARATION 
To obtain the individual volume of each gas for preparing the 
mixture of desired mple fraction, the pressure at which gas could be 




where, V , is the volume of the cell. 
For nitrogen the pressure calculated to obtain 0.00035 moles was 
The exact volume of nitrogen loaded in the cell at the above calcula-
ted pressure was found by pumping - in known quantity of mercury 
to a pressure of 2000 psig. 
Volume of mercury pumped in cell (at pump condition) = 617.139 cc 
Volume of mercury in cell condition at 2000 psig and 84°P.::: 
617.139 ( 1 +4000x2.792xl0- 7 ) ( l- 2000x2.792xl0-~:::: 617.483 co 
Cell volume at 2000 psig and 84°F ( from Figure l ) 
Volume of nitrogen at 2000 psig and 84°F 
Number of moles _of nitrogen from ( 12 ) .: 
2014.7x34.047 






In the similar procedure as above the number of moles of carbon dioxi-
de, _ethane and methane were also determined and the gases were 
transferred to the cell containing nitrogen. 
APPENDIX C· 
SAMPLE CALCULATION OF COMPRESSIBILITY FACTOR 
PROM EXPERIMENTAL DA'rA: 
Components Mole fraction 
Ethane 0.86918 
Nitrogen 0.07299 
Carbon Dioxide 0.05780 
Room temperature = 80°F 
Temperature of P. V. T. cell = 100°F 
Pump reading at 1000 psig and 86°F (at prev. set) = 179.847 cc 
Pump reading at 4000 psig and l00°F = 246.510 cc 
Volume of mercury added in cell to raise the pressure 
to 4000 psig and l00°F will be given by: 
( Volume of mercury Pumped .in cell ) x :Yl'_ Vt 
( 246.510- 179.847 ) ~~~~~~~~ 1. 002018 =66.797 cc 
Volume of mercury in cell at 1000 psig and 84°F 
from prev. calcul)= 418.168 cc 
Volume of mercury in cell at 4000 psig and 100°F = 418.168 + 66.797 
= 484.965 cc 
The cell pressure was reduced from 4000 psig to 1000 psig in steps of 
500 psig at constant temperature of 100°F and pump reading was reco-
rded at each pressure step at stabilized conditions. 
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Appendix C ( continued ) 
Calculation of volume of gas mixture at 1000 psig and l00°F. 
Pump reading at 1000 psig and 100°F = 125.790 cc 
Volume of P. V. T. cell at 1000 psig and 100°F 
( read from Figure 1 ) = 650.968 cc 
Volume of mercury withdrawn when cell pressure 
was lowered to 1000 psig ( at pump conditions )= 246.51 - 125.790 
- 120.720 cc 
Volume of mercury in cell conditions will be given by 
Volume of mercury in pump conditions~ ( 1+4000xBt 
120.72 
Volume of mercury at 1000 psig and 100°F 
-7 l-l000x2.84 xlO 
= 121.064 cc 
= 484.965 - 121.064 
= 363.901 cc 
Volume of gas = Volume of cell - Volume of mercury 
650.968 ~ 363.901 = 287.067 cc 
Compressibility factor, Z , will be given by (12) 
1014.7 X 287.067 
z = -o:oo5o73oi47-~-ro:729-~-s6o-~-2s3I6~s- 0 " 33749 
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